ABSTRACT Optimal sample size methodology, which has been used by plant and marine ecologists for decades, is applied in this study to whole-community invertebrate data in the form of a case study. WiegertÕs method, based on maximizing the precision of biomass or catch data for the least cost in sampling or processing time, was conducted on guilds, habitat associations, and entire communities of tropical rice invertebrates at three crop stages (vegetative, reproductive, ripening) using Þve circular quadrats (35, 45, 55, 65, 80 cm in diameter) and a petrol-driven suction apparatus. Analysis of invertebrate samples and comparisons of different quadrat sizes showed that: (1) invertebrate abundance was a better predictor of processing time than was either species richness or species evenness for two of three crop stages; (2) average processing time per sample increased with crop age; and (3) size recommendations for one crop stage did not correspond to another for the same invertebrate group; however, after averaging over crop stages, one optimal quadrat size emerged for three out of six faunal groups. Unexpectedly, the optimal (and most practical) quadrat size determined for rice-invertebrate communities (35 cm diameter) was smaller than the majority (90%) of published studies have previously used, leading us to conclude that the majority of researchers (including the present authors) have used larger quadrats than were needed to obtain the same precision. Results of this case study underscore the need for researchers to conduct efÞciency tests of their sampling program before starting large Þeld trials and to resist the temptation of using published quadrat sizes whose optimality characteristics have not been Þeld tested.
common base area and tested them for edge effects. Using the standard deviation of invertebrate counts as the precision variable, the relative variance for each quadrat size was calculated as: relative variance ϭ Using processing time (in minutes and seconds) as the cost variable, the relative cost for each quadrat size was calculated as: relative cost ϭ time to process one sample of a given size minimum time to process 1 sample
The denominator in each case is the smallest value (standard deviation or time) reported from the Þve quadats. The quadrat size with the smallest product of [1] and [2] is the optimal quadrat size for the target assemblage at a particular time (i.e., crop stage). If the sample area is Þxed, sampling theory suggests that a small quadrat will give higher accuracy than a large quadrat (e.g., Snedecor and Cochran 1967) ; however, this relationship can be offset by the inverse relationship between quadrat size and cost of sampling or processing. See Krebs (1999) for a worked example of WiegertÕs method (p. 109 Ð111).
In community ecology studies of tropical rice invertebrates, quadrats (or sampling enclosures) were used with battery-or petrol-driven suction machines (Carino et al. 1979 , Arida and Heong 1992 , Domingo and Schoenly 1998 to collect organisms from the plant surfaces and water column. Benthic invertebrates are typically under-sampled by these methods (Schoenly and Domingo 1999) . Ten studies from this literature, published between 1990 and 1998, revealed that the most commonly used quadrat was a square-or pyramid-shaped enclosure measuring 0.25 m 2 in planar area (Table 1) . Although the authors did not explain why one quadrat shape or size was chosen over another, the 0.25-m 2 quadrat was designed to cover 4 Ð 6 rice hills depending on spacing and crop stage.
The primary purpose of this paper is to describe and extend optimal sample size methodology to entomologists in the form of a case study in agrobiodiversity. Work et al. (2002) proposed optimality criteria and sample-size recommendations for litter-dwelling arthropods caught in pitfall traps. In this article, we apply WiegertÕs (1962) method for determining optimal quadrat sizes for tropical rice invertebrates, above and below the water line, using Þve circular quadrats and a petrol-driven suction apparatus. To determine whether the same recommendation for one crop stage could extend to another, data were collected at three crop stages (vegetative, reproductive, ripening) . Because different invertebrate populations may be targeted by different scientists to address different research questions, optimal quadrat size was determined separately for six invertebrate groups: herbivores, natural enemies of herbivores, canopy invertebrates, aquatic invertebrates, detritivores and tourists, and the invertebrate community as a whole (all taxa). A secondary purpose was to comparatively test the degree to which simple diversity and evenness measures can function as predictor variables of processing time for different-sized quadrats.
Materials and Methods
Field Site, Agronomic Practices, and Sampling Design. Fieldwork was conducted in a lowland irrigated Þeld at the International Rice Research Institute, located in Laguna Province, Philippines, 62 km southeast of Manila, Luzon, at 22 m above sea level. The experiment was conducted during the dry season in 1997. This season was chosen because the majority of published studies on tropical rice-invertebrate communities were conducted in the dry season (Table 1) . Before planting, the experimental Þeld (plot 321), measuring 25 ϫ 100 m (2,500 m 2 ), was plowed and harrowed twice to puddle the soil. The Þeld was kept under standing water to lessen weed growth until rice seedlings were transplanted. On 17 January 1997, 21-d-old seedlings of variety IR64 (a modern high-yielding variety) were transplanted as 2Ð3 plants (hereafter called a ÔhillÕ). Plants were spaced at 25 ϫ 25 cm between hills. A total of 120 kg N/ha of urea was applied during Þnal harrowing (60 kg), vegetative growth (30 kg), and reproductive growth (30 kg). Irrigation resumed 4 d after transplanting and was maintained at a 3Ð5 cm water depth until 2 wk before harvest. No pesticides (insecticides, herbicides, fungicides, molluscicides, rodenticides) were used in this plot.
Five circular quadrats (35, 45, 55, 65 , and 80 cm in diameter) were fabricated, ranging in area from 0.1 to 0.5 m 2 (columns 1 and 2, Table 2 ), with sample sizes designed to approximately equal 2 m 2 to Þx sampling area for each quadrat size (column 3, Table 2 ), for a total of 51 sample units. Circular quadrats were chosen because they have minimal edge effects (Krebs 1999) and were easy to construct from sheet metal stock. Quadrats were metal cylinders fabricated from 16-gauge galvanized steel, each measuring 57.5 cm in height, with their top edges Þtted with a nylon mesh skirt to prevent escape of mobile species. Sources: Heong et al. 1990a Heong et al. , 1990b Heong et al. , 1991 Heong et al. , 1992 Cohen et al. 1994; Barrion et al. 1994; Schoenly et al. 1996a, b; Settle et al. 1996. The 51 sampling sites were randomly selected (without replacement) in the experimental plot during each of three crop stages for a total of 153 samples: vegetative (25 d after transplanting [DT] ), reproductive (50 DT), and ripening (75 DT). Each sampling site was color-coded to identify both the quadrat size and its sampling time. Invertebrate catches differ throughout the day (Schoenly and Zhang 1999) , hence ϳ50% of the samples were taken in the morning (26) and ϳ50% (25) in the afternoon. For each crop stage, the average number of hills enclosed by the Þve quadrats followed the sequence: vegetative (3.6, 4, 6, 7, 9 hills for 35, 45, 55, 65, and 80-cm sizes, respectively), reproductive (3, 4, 4, 5.8, 9) , and ripening (2, 3, 4, 6, 9) . Because both richness and abundance of invertebrate taxa increase with crop age up to and including canopy closure (Schoenly et al. 1996a , total sampling time was adjusted for all quadrat sizes to equal 36 min for the vegetative stage and 48 min each for the reproductive and ripening stages (columns 4 and 5, Table 2 ). Invertebrates were suction-sampled using a modiÞed leaf blower (Arida and Heong 1992) designed to collect organisms from the plant and water surfaces. Sampling duration was monitored using a stopwatch, and samples were placed in prepared vials containing 70% ethanol.
Laboratory Identifications. Specimens were identiÞed by one individual (a college graduate) who received prior training in invertebrate taxonomy by one of the authors (A.T.B.). Each sample was Þrst transferred to a plastic tray and cleaned by removing excessive debris that could mask visual counting. This process required at least 1 h per vial for the largest quadrats (80 cm). All invertebrates were then sorted and counted to stage (immatures, adults) and identiÞed to the lowest possible taxon, usually genus or species, from prepared keys and training materials. Taxonomic identities were checked against the invertebrate reference collections housed in the Taxonomy Laboratory of the IRRI Entomology and Plant Pathology Division. Processing time (in minutes and seconds) began when the cleaned sample was ready for microscopic examination and ended when the last invertebrate had been counted and recorded. Because processing time for different invertebrate groups could not be assessed separately, only total processing time for the entire sample was recorded (column 5, Tables 3Ð5). Voucher specimens were deposited in the Taxonomy Laboratory of the IRRI Entomology and Plant Pathology Division.
Analysis. To gauge whether simple diversity and evenness measures could function as predictor variables of processing time, three indices were tested: (a) A, total invertebrate abundance in a sample; (b) S, the total number of invertebrate taxa in a sample; and (c) PIE, probability of interspeciÞc encounter or species evenness, which measures the probability that two individuals, drawn randomly from a sample, belong to different species (Gotelli and Graves 1996) :
where A is total invertebrate abundance in a sample, S is the total number of invertebrate taxa in a sample, and m i is the number of individuals of taxon i in the sample. According to Gotelli and Graves (1996, p. 44 Ð 45) , PIE meets the criteria of a good evenness index because it has a straightforward statistical interpretation and is a relatively unbiased estimator of evenness across a range of sample sizes. Following Wiegert (1962) , the quadrat size that minimizes the product of relative variance (variability of invertebrate abundances, [1] above) and relative cost (processing time, [2] above) is the optimal quadrat size for a given assemblage of organisms. Overall averages and dispersion statistics were calculated for each target assemblage by taking the mean and standard deviation, over the three crop stags, of the three product terms (of relative variance and relative cost). Because different-sized quadrats may not give comparable abundances on a per area basis, results from each crop stage and target assemblage were examined for edge effects. Overestimation bias because of edge effects occurs if mean abundance rises predictably with quadrat size (Krebs 1999) . The nature of this correlation and the minimum-products calculation were used as decision criteria when choosing an optimal quadrat size for each target assemblage.
Results
The Fauna. A total of 17,675 invertebrates were collected in this investigation. Of these, 5,891 were herbivores, 9,097 were canopy taxa, 6,568 were natural enemies of herbivores, 3,445 were aquatic taxa, and 5,211 were detritivores and tourists. Taxa in the two habitat associations (canopy taxa, aquatic taxa) are mutually exclusive, whereas, those belonging to the three guilds (herbivores, natural enemies, detritivores and tourists) included both terrestrial (canopy) and aquatic members (for guild and habitat descriptions, see Schoenly et al. 1998 reproductive stage, and 9,275 organisms during the ripening stage.
Ecostatistical Correlates of Processing Time. Of the three diversity and evenness measures evaluated, total abundance was the best linear predictor of processing time for the vegetative and ripening stages (Fig. 1B  and F) ; whereas, species richness during the reproductive stage gave a better linear Þt than total abundance (Fig. 1C) . Processing times of 5, 7, and 11 min per 100 specimens were estimated for the vegetative, reproductive, and ripening stages, respectively (Fig.  1B, D, and F) . Mean processing time per sample increased with crop age, from 5 min at the vegetative stage, 7.6 min at the reproductive stage, and 29.5 min at the ripening stage (Fig. 1) . Correlations between PIE and processing time each had slopes at or near zero for all stages (not shown); thus, PIE showed limited promise as an estimator of invertebrate processing time in these samples, but did reveal its insensitivity to sample size, as Gotelli and Graves (1996) claimed.
Owing to its largest coverage of rice hills, samples from the largest quadrat (80 cm), as expected, captured more taxa and organisms on average than all other quadrats, particularly at the reproductive and ripening stages (Fig. 1) . Thus, if a researcher was only interested in maximizing total catch, without consideration of processing time and other variables, then the 80 cm quadrat is the best size.
Optimal Quadrat Size versus Faunal Groups. Recommendations of what constituted an optimal quadrat size for a given invertebrate group differed from one crop stage to another (Tables 3Ð5), making unambiguous selection difÞcult. For example, the recommended quadrat size for all invertebrates at the vegetative, reproductive, and ripening stages was 80, 65, and 35 cm, respectively. Likewise, three optimal sizes emerged for detritivores and tourists over the three stages. For the remaining invertebrate groups, only two optimal sizes emerged (Tables 3Ð5). Different recommendations of optimal quadrat size also emerged for different faunal groups within a crop stage. Optimal sizes ranged from 65 to 80 cm for the vegetative stage (with 80 cm in the clear majority), 35Ð 65 cm for the reproductive stage (with 65 in the majority), and 35Ð 65 cm for the ripening stage (no majority). However, as the crop matured, the trend in optimal quadrat size for invertebrates converged toward smaller-sized quadrats (Tables 3Ð5) .
Averaging the products (of relative variance and relative cost), over the three stages, gave clear single choices for one half of the six faunal groups (Fig. 2C , D, and F). In the three exceptional cases, the second best quadrat for all taxa and canopy taxa (65 cm) is three times larger in area ( Fig. 2A and B) . For natural enemies, the difference between the Þrst and second choices (35 cm and 55 cm) is only twofold in area (Fig.  2E) . Although the two choices in these three cases might seem equally plausible, positive correlations between mean abundances of these taxa and quadrat size in the ripening stage (Table 5 ) disqualiÞed largersized quadrats because of possible edge effects. Beyond reducing overestimation bias, the smaller of the two quadrats (35 cm) in each of these three cases ( Fig.  2A, B , and E) would be cheaper to fabricate, and easier to transport and deploy in the Þeld.
Discussion
Rice-invertebrate samples collected from Þve quadrat sizes at three crop stages during the tropical dry season in the Philippines revealed Þve Þndings. First, invertebrate abundance was a better predictor of processing time than was either species richness or species evenness for two of three crop stages. Thus, simple measures of community diversity, particularly total invertebrate abundance, provide meaningful predictors of processing time that can be used to estimate sampling costs in future studies. Second, average processing time per sample increased with crop age, coinciding with increasing species richness and abundance, which has been reported previously (e.g., Schoenly et al. 1996a Schoenly et al. , 1998 . Third, size recommendations for one crop stage did not correspond to another for the same invertebrate group; however, after averaging results over the three crop stages, one or two optimal sizes emerged for each guild, habitat association, and the community as a whole. Fourth, invertebrate mean abundance increased linearly with quadrat size in the ripening stage (Table 5) , suggesting an edge effect because of overestimation bias in the larger quadrats (Krebs 1999) . Although it is a worthwhile goal to reduce edge effects in so much as quadrat sampling can allow, it is more important to generate narrow conÞdence limits (Krebs 1999) . Lower cost and easier deployment in the Þeld bring additional advantages for choosing smaller-sized quadrats. Fifth, our results reveal that greater efÞciency and precision is achieved when a large number of small quadrats is used (35Ð55 cm) rather than a few large quadrats (65Ð 80 cm), a result that concurs with sampling theory (e.g., Snedecor and Cochran 1967), benthic sampling studies (Pringle 1984) , and pitfall trap studies (Work et al. 2002) . For tropical rice invertebrates, this result holds for the canopy taxa, natural enemies, detritivores and tourists, and the entire community. For herbivores and aquatic invertebrates, however, larger quadrats (Ն65 cm) were found to be more efÞcient than smaller quadrats (Fig. 2) . Because of the awkwardness of Þeld-deploying 80-cm quadrats and the likelihood of producing edge effects, a combination of specialized sampling apparatus and smaller-sized quadrats may be more practical, at least for aquatic invertebrates (see Takahashi et al. 1982, Schoenly and Domingo 1999) . Limited Þnancial and taxonomic resources of many agricultural institutions now add to the critical decisions researchers must make when designing and implementing new Þeld studies. Before instituting large Þeld studies, pilot studies are recommended (e.g., Pielou 1974 , Krebs 1999 , Southwood and Henderson 2000 to Þx sampling procedures of the target population(s) and to estimate within-population variability. Of these two, an estimate of population variability is critical for testing the power of statistical tests and for calculating minimum sample sizes (Scheiner and Gurevitch 2001) for detecting a speciÞed departure from a given null hypothesis (Zar 1984 , Underwood 1997 . The critical importance of sample size in agriculture was recently demonstrated by Marvier (2001 Marvier ( , 2002 who found that the vast majority of Bt toxicity studies reported in USDA petitions for deregulation relied on only 2Ð 6 replicates per treatment group. Of the 15 petitions studied, only one had included enough Catch results, processing times, and optimal quadrat sizes (indicated by asterisks) for rice invertebrates sampled during replicates to produce a 90% chance of detecting a 50% reduction in survival or fecundity of organisms exposed to a Bt crop, relative to the unmodiÞed control crop (Marvier 2002) . Similarly, WiegertÕs method is also affected by sample size because it relies on both an estimated time (cost) to process and, more importantly, an estimated standard deviation as a measure of precision of mean abundance or biomass. To date, sample sizes of the largest-sized quadrats used in optimal quadrat studies have varied from one (Wiegert 1962) , to four (this study, Table 2 ), to Þve (Pringle 1984) , whereas the ranges in sample size used have varied from 15 (Wiegert 1962), to 16 (this study, Table 2 ), to 74 (Pringle 1984) . In our study, small sample sizes coupled with edge effects, particularly in the ripening stage, are, no doubt, responsible for the large ßuctuations and trends in mean abundance (Tables 3Ð5). As sampling theory (Snedecor and Cochran 1967) and simulation studies (Legg and Moon 2000) have revealed, because sample size is often the only experimental parameter a researcher can most directly control, large increases in sample size not only increase the precision of the sample mean but often bring improvements (albeit small) in the standard deviation (Southwood and Henderson 2000) . Our optimality recommendations, like those of Work et al. (2002) for pitfall traps, are based on catches over one Þeld season. Like the vast majority of other ecological studies of the rice-invertebrate community (Heong et al. 1991 Cohen et al. 1994; Schoenly et al. 1996a Schoenly et al. , 1996b Schoenly et al. , 1998 , this study was conducted during the tropical dry season. Comparative analyses of dry and wet season rice-invertebrate faunas are few (but see Settle et al. 1996) ; however, dry and wet season inventories of canopy and ßood-water rice faunas were conducted, during 1992, on the IRRI experimental farm and used the same suctionsampler as this study. Community-and guild-level comparisons revealed few compositional differences in taxa between the two seasons. Of the 512 taxa and Ͼ146,000 individuals sampled over the year, a narrow majority of taxa (51%) but a vast majority of individuals (85%) were common to both seasons (K.G.S., unpublished data) indicating that the more abundant taxa made up the joint taxa. For members of four functional groups that comprised the 260 joint taxa (herbivores, predators, parasitoids, detritivores and Fig. 2 . Optimal quadrat size for sampling rice-invertebrates, averaged over three crop stages, for all invertebrates (A), two habitat associations (B, C), and three guilds (D, E, F). In each case, the quadrat size with the smallest mean product of relative variability in invertebrate abundances and relative cost in processing time is the optimal quadrat size (rectangle). In cases A, B, and E, two quadrat sizes seem equally plausible, however, the smaller of the two marked sizes would be cheaper to build, more practical in the Þeld, and less prone to edge effects. Results are based on invertebrate counts from Þve quadrat sizes; error bars denote Ϯ 1 standard error of the mean. tourists), abundance in the dry season was positively and signiÞcantly correlated with abundance in the wet season several months later. Taken together, these results show that dry and wet season faunas in tropical irrigated rice Þelds are alike in several key respects and that a repetition of our optimality analysis in the tropical wet season is likely to yield similar results as the dry season.
As this study has shown, relying on literature accounts of quadrat size (as we originally did) can be risky, even when studies from the same ecosystem are consulted, because the accumulated wisdom may not be sufÞcient to answer this question (Krebs 1999) . Indeed, Pringle (1984) found that the 0.25-m 2 quadrat was the optimal size for sampling marine benthic invertebrates even though fewer than 25% of the previous studies he surveyed used this optimal size. Likewise, our optimality study recommended 35-cm quadrats as the best and most practical size for sampling rice-invertebrate communities over all crop stages (Fig. 2) , but quadrats Յ35 cm diameter (Յ0.1 m 2 ) were used in only 10% of the published community studies and no study used circular, square or rectangular quadrats larger than 0.25 m 2 (Table 1) . Although the best (0.1 m 2 ) and second best (0.33 m 2 or 65 cm) choices for sampling whole rice-invertebrate communities ( Fig. 2A) bracket the size used in the majority of published studies (0.25 m 2 , Table 1), we conclude that most of these studies (including our own) used larger quadrats than were necessary to obtain the same precision. We regret that a quadrat size smaller than 0.1 m 2 was not included in this study. Settle et al. (1996) used a 0.04-m 2 circular quadrat (Ϸ23 cm diameter) when sampling from the rice canopy in Indonesian paddy Þelds. This quadrat was sufÞcient to enclose one rice hill. Whether a quadrat as small as 0.04 m 2 is more efÞcient than 0.1 m 2 , based on WiegertÕs optimality criteria, awaits further investigation.
Finally, these Þndings based on our case study reiterate the need for researchers to carry out efÞciency tests of their sampling programs before conducting larger Þeld trials. Researchers should also resist the temptation of using published quadrat sizes of which the efÞciency and precision characteristics have not been Þeld tested. Broadening WiegertÕs current methodology to take total Þeld area (or volume) into account would be beneÞcial in future applications of this method. The time invested in optimizing a sampling program will be rewarded in more efÞcient and costeffective sampling procedures, particularly when the need to evaluate the impact on entire ecological communities increases, such as intercropping, pesticide spraying, and the release of genetically modiÞed varieties.
